A cross-polarization detection technique was introduced to enhance the signal-to-noise ratio (SNR) of a plasmonic near-field scanning nanoscope (PNSN) using the anisotropic reflection from a metallic ridge nano-aperture. Assuming that the nano-aperture is an resistor-inductor-capacitor-equivalent circuit, we propose an analytic circuit model to quantitatively predict the relationship between the copolarization and cross-polarization signals of the PNSN. It was found that the magnitude of the cross-polarization signal has an opposite trend with respect to the copolarization signal, providing a larger PNSN signal. We demonstrated the PNSN with dual channels for detecting both polarization signals. The performance of the PNSN was characterized by recording images of heterogeneous nanostructures in dynamic random access memory patterns and we enhanced the SNR of the images by a factor of 2.7-4.9.
Introduction
A metallic ridge nano-aperture is a common optical component that provides a large transmission and highly focused spot in the sub-wavelength scale region due to its plasmonic resonance behavior [1] [2] [3] [4] . Because of their potential to create highly restricted optical hot spots and provide extraordinary transmittance, despite the very small aperture size, ridge nano-apertures are used extensively in many applications in various research fields, such as nanoscale near-field patterning, near-field scanning optical microscopy, plasmonic enhanced sensing, and optical tweezers [5] [6] [7] [8] [9] . The ridge nano-aperture is also applicable to sensing or detecting techniques such as plasmonic sensors and plasmonic near-field scanning nanoscope (PNSN) using the resonance characteristics of the aperture, which is highly sensitive to the surroundings [10] [11] [12] . By measuring the reflected beam from the nanoaperture, the PNSN can record images of heterogeneous nanostructures and detect buried objects.
Since optical instruments that use a scanning optical probe are strongly affected by the motional noise generated during scanning, the elimination of the motional noise in the optical signal is necessary to enhance the contrast of the image. Noise reduction using the cross-polarization detection technique has been studied to enhance the signal-to-noise ratio (SNR) of optical signals, or contrast-to-noise ratio of optical images [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, the generation of the cross-polarization signal is reported for limited situations; multiple scattering media such as biological tissue [13] [14] [15] [16] , very small scatter such as a scanning probe or nanoparticle [17] [18] [19] [20] , or optical-electrical interacting structures such as nanoantenna [19, 21, 22] . Also, due to the small interactive areas, the cross-polarization signal generated by plasmonic antenna or nanoparticles is very small compared with the incident or background. Moreover, since most of these techniques detect the optical far-field from the target structure [13-16, 18, 20-22] , the cross-polarization detection technique does not ensure nanoscale spatial resolution. The cross-polarization detection technique [19] has rarely been applied to optical instruments that detect nanoscale structures with a metallic ridge nano-aperture.
Since a metallic nano-aperture has a nonlinear response and polarization sensitivity to the incident beam [23] [24] [25] [26] [27] , we can expect the reflected beam from the nano-aperture to have a cross-polarization component due to the anisotropic reflection from the nanoaperture. PNSN records the change in the reflection intensity from the scanning nano-aperture as a signal, and the cross-polarization component of the reflected light from the aperture is inversely related to the total reflected light, giving a negative signal. Unfortunately, theoretical approaches to understanding the generation of cross-polarization reflection from the complicated nanostructures are limited. Most research on the ridge nano-aperture has been focused on transmission due to its relevance in resonance transmission and the generation of highly focused optical near-field spots. Transmission and reflection at the nano-aperture exhibit opposite responses, and the main component of the transmitted beam is copolarized with the incident beam. Therefore, in order to realize the cross-polarization detection technique for PNSN, in-depth studies on reflected light from the ridge nano-aperture, especially theoretical analysis of both the copolarization and cross-polarization components in the reflected beam, need to be carried out.
In this study, we introduced a theoretical model based on the resistor-inductor-capacitor-equivalent circuit to analyze plasmonic resonance and predict reflection signals from the ridge nano-aperture by assuming the plasmon interaction as an oscillating current. We calculated the electric properties and resonance characteristics of the nano-aperture with simplified geometry to apply our theory directly to different dimensions, and quantitatively obtained the characteristics of the reflection from the ridge nano-aperture in terms of the behavior of two polarization components of the reflected beam. Combining two channel detection systems for the dual polarization of the reflected beam, we implemented the cross-polarization detection technique for the PNSN system. Also, the enhancement of the SNR of the image data was evaluated by recording pattern images of heterogeneous nanostructures with the PNSN system.
Theory and methods
We assumed that the origin of the anisotropic reflection from the ridge nano-aperture has a different mechanism for each polarization. Figure 1 shows the schematic of the mechanism of generation of each component in the reflected beam that explains the source of the anisotropic reflection. Copolarization reflection is the intrinsic system reflection that has a trade-off relation with resonant transmission, which produces weak reflection under the resonance conditions of the ridge nano-aperture. In contrast, cross-polarization reflection becomes stronger under the resonance conditions because it is generated by the perpendicular portion of the oscillating resonant current, which is orthogonal to the incident polarization around the aperture outline. As the opposite trend of the anisotropic reflection becomes key to enhancing the SNR of the detection system, which uses the ridge nano-aperture, we deeply analyzed this trend of reflection signal variations of each polarization depending on the identical resonance conditions.
In order to analyze the mechanisms of the anisotropic reflection of the ridge nano-aperture in detail, we introduced an equivalent electric circuit model, because the oscillation of electrons in a metallic ridge nano-aperture interacting with the incident light is equal to the oscillation of the electric current. Therefore, we can replace the aperture system with an equivalent electrical circuit which includes resistance, inductance, and capacitance to analyze the resonance characteristics of the aperture. Subsequently, we can derive the reflectance or transmittance of the aperture system using the equivalent electrical circuit by applying the transmission line theory [28, 29] . Expanding this When the aperture is illuminated by a linearly polarized beam which is parallel to the aperture ridge (copolarization), a plasmonic resonance occurs by the interaction between the aperture and the incident light. This resonance creates a resonant transmission that passes through the aperture and a resonant current that oscillates around the aperture outline. Copolarization reflection shows a negative correlation with the resonance, because the reflection and resonant transmission have a trade-off relationship with each other. On the contrary, cross-polarization reflection shows a positive correlation with the resonance, because it is generated by radiation from the perpendicular component of an oscillating resonance current induced by the plasmonic resonance. equivalent electrical circuit model, we suggest a methodology for the quantitative analysis of the anisotropic reflection including both copolarization and cross-polarization reflection signals from the ridge nano-aperture.
The entire equivalent electric circuit composed of the ridge nano-aperture system, input space, and output space is shown in Figure 2 . The circuit of the aperture highlighted by the red box is composed of the parallel connection of the resistor-inductor series and a capacitor, which have values of R tot = 6.22 Ω, L tot = 36.2 fH, and C tot = 3.37 aF, respectively. Each value of the electronic component is calculated quantitatively by assuming the aperture to be a simplified wire loop, as described in the Supplementary Material. The resistance is calculated simply from the resistivity, the inductance is calculated using the Biot-Savart law, and the capacitance is calculated based on the split-ring resonator model. Consequently, the system impedance of the aperture becomes Z = (R tot + jωL tot ) | | (jω C tot ) −1 . Here, ω is the angular frequency of the oscillating current identical to the angular frequency of the incident light. The values of the electronic components were calculated quantitatively by using the geometry of the simplified wire loop for the ridge nano-aperture, as described in the supporting information. In addition, the characteristic impedance of the output space is defined as Z 1 = Z 0 /n, where the refractive index of the output space is n and the characteristic impedance of the free space is Z 0 . Here, V 0 is the input voltage and i 1 is the induced current on the aperture system with respect to the transmitted load voltage V 1 , which is applied on the node of the aperture system. We calculated the reflection and transmission coefficients of the aperture system, i.e. Γ and, τ, respectively, by using the transmission line theory for combined impedance, Z′ = Z | | Z 1 , as shown in Eqs. (1) and (2):
As Z is very large under the resonance conditions and Z 1 is smaller than Z 0 because n > 1, the combined impedance is smaller than the free-space impedance. Note that the absolute values of these two coefficients, |Γ | and |τ | = 1 - | Γ | show a trade-off relationship with respect to a change in n, because the reflection coefficient shows a boundary of −1 < Γ < 0, which is derived from Z′ < Z 0 . Based on these reflection and transmission coefficients, we calculated the anisotropic reflection for each polarization component. We need to calculate the induced current i 1 , which flows around the nano-aperture, because a cross-polarization reflection is generated from the oscillating current induced by the incident beam, as mentioned earlier. It is simply driven by the ratio of the transmitted load voltage and impedance of the aperture, as shown in Eq. (3). Note that the induced current is proportional to the transmission coefficient τ:
To determine the anisotropic reflection intensity, we split this intensity into a variance term and offset. Because the interaction with the aperture does not occur for the entire incident light, we employed a weight factor η, which indicates a ratio between the interacted light with the aperture to the incident light. The factor is calculated from the geometrical integration of the horizontal component of polarization of the focused incident beam, as described in the supporting information. Further, because another portion of the light does not interact and is simply reflected off the metal surface, we set the offset as products of (1 - η) and intrinsic reflectances of a flat metal surface without an aperture for the copolarization and cross-polarization, R co0 and R cr0 , respectively. As the reflectance is defined as the ratio of reflected power 2 0 0 /2 V Z to incident power (ΓV 0 ) 2 /2Z 0 , we can define the copolarization reflection intensity I co , which shows a linear trend with reflectance Γ 2 as: 2 0
(1 ) co co
By contrast, because the field amplitude of the radiation from the aperture is proportional to the current on Figure 2 : The equivalent electric circuit of an entire ridge nanoaperture system including input and output space. The aperture system highlighted by a red box consists of the resistor-inductor series and the capacitor connected in parallel. The incident wave that comes from the input space (free space) passes through the aperture system into the output space.
the aperture system, we can define the cross-polarization reflection intensity I cr , which varies linearly with transmittance τ 2 , as: 2 0
(1 )
Here, K is the proportionality constant of the cross-polarization reflection intensity. We assume that η and K are fixed values from the geometry of the aperture. From the calculated intensities of the anisotropic reflection, we subsequently define the copolarization and cross-polarization reflection signals, S co and S cr , respectively, as normalized values of the reflection intensity changes for both polarizations, as shown in Eqs. (6) and (7) . Here, I co (0) and I cr (0) are the reflection intensities where the output space is the free space, for each polarization, respectively. Because the absolute values of reflection and transmission coefficient show an opposite trend with the change in the refractive index of the output space, we can easily grasp the opposite trend between the reflection signals for each polarization. Eventually, we can apply the anisotropic reflection as a detection signal of the PNSN system to enhance the SNR with a signal processing: 
By applying a cross-polarization-detection technique, we established a dual-channel detection system of PNSN to enhance the SNR performance of the system; this can individually collect two polarizations of the anisotropic reflection from the ridge nano-aperture. As shown in Figure 3 , a portion of the incident beam separated by the first polarized beam splitter (PBS) becomes the reference beam. This reference beam is divided again by the beam splitter into the copolarization and cross-polarization reference beams. The other portion of the input beam is illuminated into the ridge nano-aperture through the reflection from the second PBS passing through the optical isolator composed of a Faraday rotator and a halfwave plate, to isolate the reflection and incident beams. The anisotropic reflection beam from the aperture, which consists of the copolarization and cross-polarization reflection beams, is separated by a second PBS; the copolarization reflection beam is reflected into the isolator, while the cross-polarization reflection beam is transmitted. These two separated beams are coupled in the optical fiber by using corresponding fiber couplers with the same structure. We can cancel out the offsets of both polarization reflection beams by using a balanced photodetector (BPD) for each detection channel. The gain of these reference beams for each polarization is tuned by rotating the half-wave plate and polarizer. For each polarization, the anisotropic reflection beam contains not only reflection signals S co and S cr , but also motional noises M co and M cr from the probe due to a contact scanning system. The ridge nano-aperture used in our experiment is made with an Al film by using the focused ion-beam-milling process with the following dimensions: the aperture outline (i.e. l 1 in Supplementary Material) is 135 nm, the metal thickness is 100 nm, and the aperture gap is 20 nm. It is found that the signal of the PNSN described in Eqs. (6-8) strongly depends on the resonance conditions of the ridge nanoaperture [11] . The aperture outline is determined by a theoretical calculation to set the resonance wavelength to 660 nm, as described in Supporting Information (see Figure S2 ). The signal of the PNSN was processed after the detection of each polarization signal by each channel of the BPD. The copolarization BPD signal D co = C co I 0 (S co + M co ) and the cross-polarization BPD signal D cr = C cr I 0 (S cr + M cr ) are given as the difference between the reflected and reference beams. Each BPD signal contains the anisotropic reflection signal and motional noise. Here, C co and C cr are efficiencies of the optical components corresponding to each polarization reflection beam and I 0 is the power of the incident beam. Two different behaviors were observed between the reflection signals and motional noises for each polarization component of the anisotropic reflection. The reflection signals for each polarization showed opposite trends, because the change of copolarization reflection showed a positive relationship and cross-polarization reflection showed a negative relationship with the change of refractive index of the output space. On the contrary, the motional noises for each polarization showed the same trend because they occurred from the same probe, and each beam was collected by fiber couplers with the same structure. As a result, we obtained a PNSN signal processed with dual channel signals D D , that is, the subtraction between two BPD signals for the different polarizations, as shown in Eq. 
Here, a gain between the BPD signals is defined as G = R M · C co /C cr for a ratio of the motional noise of each polarization channel; R M = M co /M cr . The right side of Eq. 8 shows that the motional noise is canceled out in the dual-channel signal of the PNSN. In addition, the signal increases with the subtraction between each component because the change of each polarization component of the anisotropic reflection beam has an opposite trend. Consequently, the cancelation of the motional noises and the enlarged signal enhance the SNR of the PNSN signal from the ridge nano-aperture.
Results and discussion
We compared the anisotropic reflection signal for each polarization with respect to different refractive indices of the output space by using our circuit model and finitedifference time-domain (FDTD) simulation (Lumerical Inc., Vancouver, BC, Canada). The reflection signals show clear trends that have opposite directions to each other for both cases of the model (lines) and FDTD (symbols), as shown in Figure 4 . Here, we calculated the weight factor η = 0.68, and set the proportional constant of cross-polarization reflection intensity K = 0.01 through curve fitting. Interestingly, the cross-polarization reflection signal (red dashed line and triangles) shows a larger contrast compared to the copolarization signal (black solid line and circles), with a change in the refractive index of the output space. This is because the copolarization reflection contains a larger background, as the background reflection is polarized in parallel to the incident beam. This opposite trend of the anisotropic reflection signal agrees with the prediction by the analytic form of the signals based on the characteristics of the reflection and transmission coefficients, as mentioned earlier [Eqs. (6) and (7)]. Furthermore, as the signals and refractive indices of the output space show a linear correlation for both polarizations in the opposite trend, we expect that the anisotropic reflection can enhance the SNR of a PNSN system successfully. We performed experimentally the developed SNR performance of the PNSN which detects the anisotropic reflection signal from the ridge nano-aperture by imaging the heterogeneous structure in dynamic random access memory patterns with different refractive indices of 1 (air) and 1.46 (SiO 2 ). Figure 5A shows the two-dimensional signal map of the sample of a 3 μm × 3 μm area for a dual-channel signal (left) and an individual polarization signal (right). The performance of SNR enhancement of the dual-channel signal compared with any other single polarization signal is obvious. The image of the dual-channel signal shows a clearer outline of the patterns and a higher contrast between the peak and valley of the sample. At the same time, we can identify that the motional artifacts marked by the blue arrow are missing in the dual-channel image and appear as a scratched line in the copolarization and cross-polarization images. This shows that the processing of the dual-channel signal successfully cancels out the motional noise of the probe. We analyzed this marked area quantitatively and obtained 25% reduced motional noise and a two times larger peakto-valley value, thus gaining a 2.7 times enhanced SNR value on average.
The motional noise was calculated with respect to the root mean square error values of the signal in the y-direction. Furthermore, we showed this SNR enhancement more clearly by comparing the line profiles of the black dashed lines in Figure 5B . The signal differences which indicate the contrast of the dual-channel signal (blue solid line) are much larger than the copolarization signal (black dashed line). Especially, the signal differences of the cross-polarization signal (red dash-dot line) show an opposite trend to those of the copolarization signal; this directly demonstrates our expectation about the characteristics of the anisotropic reflection signals for the same change in the resonance conditions.
We continuously demonstrated the performance of SNR enhancement in much noisier conditions to confirm the robustness of the dual-channel detection by measuring the dense line array pattern using external vibrations, as shown in Figure 6 . Although it is difficult to discern a line pattern in a two-dimensional signal map of an individual single polarization signal, especially a copolarization signal, we can identify a clearer line pattern in a dual-polarization image, as shown in Figure 6A . This is more evident in the line profile of Figure 6B . The line profile of the copolarization signal (black dashed line) nearly lost the pitches of the line array, especially in the high spatial resolution; however, the cross-polarization signal (red dash-dot line) shows much clearer line pitches. In addition, the subtracting process successfully cancelled out the noisy signals of each polarization signal. For the entire area, the SNR values of the dualchannel signal were 4.9 times larger than the copolarization signal, due to the 44% reduced noise and 2.7 times larger signal on average.
Conclusions
We demonstrated a PNSN using the cross-polarization technique. Assuming that cross-polarization reflection is a radiation from an oscillating resonance current around the aperture, we introduced an equivalent circuit model to analyze the characteristics of the interaction between the aperture and light. Based on the transmission line theory, we defined the anisotropic reflection signal for the copolarization and cross-polarization. In addition, to predict the anisotropic reflection signal quantitatively and confirm the opposite trend, which is key to enhancing the SNR of the detection system, we analyzed each polarization component of the signal with respect to the change in the refractive index of the output space. By defining a PNSN signal for each polarization, we also reduced the motional noise of the probe. The overall performance of the SNR enhancement is demonstrated by the comparison of the two-dimensional images of the dual-channel signal and both the single polarization signals with discussions about the opposite behavior between each polarization component of the anisotropic reflection signal. To verify the individual improvement of contrast enhancement and noise reduction, we analyzed the signals quantitatively. Finally, by using the dual-channel detection system of PNSN, which detects the anisotropic reflection signal, we obtained a 2.7-times higher SNR compared with the copolarization signal in normal operation conditions, and a 4.9 times higher SNR in additional vibration conditions.
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